The solution self-assembly of (macro)molecular building blocks provides a convenient pathway to a wide variety of nanoscale structures of broad utility.^[@ref1]^ Notable examples include the aggregation of surfactants and amphiphilic block copolymers into micelles of various morphologies,^[@ref2]^ as well as the assembly of specific DNA sequences into well-defined nanostructures.^[@ref3]^ The architecture and functionality of such assemblies depend on both the molecular design of their individual constituents and the method for nanoscale aggregation. Emergent molecular building blocks can unveil alternative routes for the creation of functional assemblies and strategies to navigate multifaceted equilibria. One such system is the inclusion complexes of imidazolium salts and cucurbit\[*n*\]urils, CB\[*n*\]s ([Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}).^[@ref4]^ Our group has reported the binding of 1-methyl-3-\[(naphthalen-2-yl)methyl\]-imidazolium bromide (**1** in [Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}) to CB\[8\] to form a CB\[8\]·**1**~2~ homoternary complex.^[@cit5a]^ More recently, other groups have reported the preparation of semiflexible CB\[8\]-based supramolecular polymers by exploiting varied naphthalene-containing guest molecules.^[@cit5b]^

![Structures of CB\[8\] and Imidazolium Guests **1**--**3**](ja9b07506_0001){#cht1}

Herein, we report the complexation of naphthalene-derived imidazolium salts **2** and **3** ([Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}) with CB\[8\]. These specific host and guest molecules have the ability to engage in strong noncovalent interactions at the mM dilute concentrations yielding, unexpectedly, nanoscopic crystalline structures. These include platelet-like aggregates and two-dimensional (2D) nanofibers, which exhibit viscoelastic and lyotropic behavior.

Compound **2** features two equivalent CB\[8\]-binding naphthalene residues bridged by one imidazolium group. The CB\[8\] complexation of **2**, similarly to that of **1**, is quantitative in the mM concentration range. However, as shown by isothermal titration calorimetry (ITC), CB\[8\] and **2** interact in a 1:1 ratio ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)). Therefore, a theoretical equilibrium between bimolecular 1:1 and *n*:*n* (*n* ≥ 2) linear and cyclic species may be expected for an equimolar mixture of CB\[8\] and **2**.^[@ref6]^ The ^1^H NMR spectrum of a 1:1 mixture of **2** and CB\[8\] contained a set of broad and ill-defined signals, which, as with many CB\[8\] complexes, were difficult to unambiguously assign to the presence of polymeric species.

In an attempt to clarify this characteristic, a series of morphological studies were performed on 1:1 mixtures of CB\[8\] and **2**. The combined small-angle X-ray scattering (SAXS) and static light scattering patterns of an equimolar (1.0 mM) mixture of CB\[8\] and **2** exhibits a clear power-law dependence of *q*^--2^ in the high-*q* region (0.008 Å \< *q* \< 0.1 Å), which is associated with the presence of semiflexible polymer chains of CB\[8\]~*n*~·**2**~*n*~ ([Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)).^[@ref7]^ A radius of gyration (*R*~g~) of ca. 30 nm was calculated by fitting the SAXS scattering intensity to the Debye function for Gaussian chains ([Figures S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)). Remarkably, the additional scattering at low *q* values (*q* \< 0.005 Å) follows a *q*^--1^ power law ([Figures S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)), which is a signature of rod-like structures. These results can be rationalized by assuming that the polymer chains of CB\[8\]~*n*~·**2**~*n*~ coexist with some sort of larger rod-like structures. Indeed, elongated platelet-like aggregates were observed by atomic force microscopy (AFM images in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, [S9 and S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)) and transmission electron microscopy (TEM images in [Figure S22](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)). Longitudinal height profiles showed that the aggregates exhibit a thickness between 2 and 4 nm ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)).

![AFM morphological analysis of incubated samples of CB\[8\]+**2** (a) and CB\[8\]+**3** (b). Cryo-TEM micrograph of a sample of the CB\[8\]+**3** fibers (c). Optical polarized micrograph of a 1.0 wt % aqueous solution of the CB\[8\]+**3** fibers (d).](ja9b07506_0002){#fig1}

We hypothesized that **3**, which is structural analogue of **2**, could also produce polymers and higher-order assemblies in the presence of CB\[8\]. A series of ITC experiments indicated that **3** and CB\[8\] preferentially interact in a 1:1 ratio ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)), similar to mixtures of **2** and CB\[8\]. A combination of small-angle neutron scattering, AFM and TEM measurements showed the coexistence of small semiflexible polymer chains and large nanoscale assemblies in incubated samples of **3** and CB\[8\] ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, [1](#fig1){ref-type="fig"}c and [S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)), echoing the behavior of mixtures of **2** and CB\[8\].^[@ref7]^ High aspect ratio fibers were clearly observed by AFM and TEM in aqueous equimolar (1.0 mM) mixtures of CB\[8\] and **3** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, [1](#fig1){ref-type="fig"}c, [S10 and S13](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)).

The assembly of such small molecular weight building blocks into highly anisotropic micrometer-sized species is remarkable and prompted us to perform a series of control experiments aimed at shedding light on the fiber formation process. Samples obtained by casting aqueous solutions of **3** (1.0 mM) alone onto mica substrates were completely free from fibers ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)). Fibers were also absent from samples that were prepared immediately after mixing **3** and CB\[8\] ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)). This suggested that both **3** and CB\[8\] are indispensable in the formation of fibers, a process which also has an associated incubation time (*vide infra*). Taking all the previous results into consideration, we propose that 1:1 mixtures of **3** and CB\[8\] transition through a two-step self-assembly process according to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. Initially, the rapid host--guest recognition of **3** by CB\[8\] yields linear, and possibly also cyclic, polymer chains ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). At a later point, aggregation initiates which results in the formation of fibers. Such self-assembly phenomenon also applies to 1:1 mixtures of **2** and CB\[8\], which generate platelet-like aggregates instead of fibers.

![Step-wise self-assembly scheme (a) of CB\[8\] (in red) and **3** (in blue), cryo-TEM maps at a resolution of 5 (b) and 4 Å (c), and packing model for the CB\[8\]+**3** fibers (d) superimposed to panel b. Unit cell parameters (in green) are shown in panel c.](ja9b07506_0003){#fig2}

It has recently been reported that the binding of specific guest molecules, such as viologen and cyanostilbene derivatives, to CB\[8\] results in the formation of various higher-order structures including three-dimensional organic frameworks and nanobundles.^[@cit8a]−[@cit8e]^ In our case, both **2** and **3**, which share many similar structural characteristics ([Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}), are able to produce large-scale aggregates in the presence of CB\[8\]. We hypothesize that the aggregation is possibly driven by the combination of several factors including host--guest and hydrophobic interactions, as well as attractive interactions between the CB\[8\] molecules themselves. Highly elongated fibers grow in 1:1 mixtures of **3** and CB\[8\], whereas only relatively short platelet-like aggregates are obtained from those of **2** and CB\[8\]. Such divergent behavior, in analogy to other supramolecular systems,^[@ref8]^ could be associated with the hydrophilic--hydrophobic ratio of the host--guest complexes (compound **3** features two positively charged imidazolium groups whereas **2** contains only one),^[@ref9]^ and the packing of the host and the guest molecules within the aggregates.

With the idea of investigating such packing, we then imaged the fibers by means of liquid AFM and high-resolution (HR) cryo-TEM. The fibers have a length over several microns and a typical width of ca. 40 nm. According to our liquid AFM analysis, the fiber thickness is 1.8 nm ([Figures S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)). Coulomb potential distribution maps obtained by HR cryo-TEM showed high density structural features which were attributed to the CB\[8\] molecules bound to the naphthalene residues of **3** ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Higher resolution maps showed additional features which were associated with the naphthalene-bridging linker of **3** ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). A plausible packing model, considering the cryo-TEM maps and the fact that the outer diameter of CB\[8\] matches the thickness of the fibers,^[@cit4a]^ consists of a single-layer structure of host--guest complexes. In our model, individual CB\[8\]~*n*~·**3**~*n*~ chains are laterally assembled into zigzagged strands, which run along the long fiber axis. The host molecules are organized in a "side to portal" arrangement (herringbone structure) with their equatorial planes orthogonal to the fiber main lattice. As such, adjacent CB\[8\]s from individual strands are capable of engaging in multiple hydrogen-bonding interactions (between the carbonyl groups of the portals and the methylene and equatorial methine groups),^[@ref10]^ a feature which likely contributes to stitching the CB\[8\]~*n*~·**3**~*n*~ chains together ([Figure S28](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)). Ion-dipole and C---H···O=C hydrogen bonding interactions between the imidazolium groups of **3** and the carbonyl portals of neighboring CB\[8\]s may also play an important role in reinforcing the lateral assembly of the strands.

Solution-phase X-ray diffraction (XRD) experiments of samples of the fibers revealed a series of relatively sharp peaks ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), which is characteristic of crystalline materials.^[@ref11]^ The HR cryo-TEM data matches the XRD patterns and indicates that CB\[8\]~*n*~·**3**~*n*~ crystallizes in the *P*22~1~2~1~ plane group symmetry ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf) and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)). The platelet-like aggregates are also crystalline in nature ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S22](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)), and exhibit a different microstructure in comparison to the fibers. We have been, however, unable to suggest possible symmetry unit cells and parameters solely on the basis of our TEM and XRD results.

![XRD patterns corresponding to aqueous solutions of the CB\[8\]+**3** fibers (a, d), the CB\[8\]+**2** platelet-like aggregates (b, e), and neat H~2~O (c). For clarity, data set in the inset (a, b) has been background-subtracted.](ja9b07506_0004){#fig3}

Samples of the fibers are free-flowing fluids but noticeably more viscous than samples of the platelet-like aggregates or **3** alone at analogous molar concentration. In a similar fashion to many suspensions of fibrillar aggregates,^[@ref12]^ shear-thinning was observed in samples of the fibers ([Figure S26](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)). The linear viscoelasticity of an equimolar mixture of **3** and CB\[8\] (1.0 mM) after incubation was characterized by monitoring the variation of the storage (*G*′) and loss moduli (*G*″), at a constant strain, as a function of the angular frequency ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). At 20 °C, *G*′ dominates over G″ above a critical frequency value ω~c~; whereas *G′* crosses over and drops below *G*″ at frequency values below ω~c~. These trends are reminiscent of the Maxwellian behavior found in many viscoelastic worm-like micellar solutions,^[@ref13]^ but differs from it at high angular frequency values (ω \> 0.002 rad/s). When concentrated up to a dry matter content of ca. 1.0 wt %, free-flowing samples of the fibers turned into gels, which furthermore exhibited lyotropic properties ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). Such behavior is also distinctive of many fluids containing rod-like particles.^[@ref14]^

![Variation of *G*′, *G*″ and phase angle as a function of angular frequency, at 20 °C, for an equimolar (1.0 mM) mixture of CB\[8\] and **3** after incubation, and fits (solid lines) to the Maxwell model with three elements (a). Variation of *G*′, *G*″ η\* at 20 °C as a function of time for an equimolar (1.0 mM) mixture of CB\[8\] and **3** (b). See [Figure S25](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf) and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf) for the fitting of the rheological data in (a).](ja9b07506_0005){#fig4}

The kinetics of fiber formation were also elucidated through a series of rheological measurements. We tracked the evolution of a freshly prepared equimolar mixture of **3** and CB\[8\] (1.0 mM) by recording the complex viscosity, η\*, of the sample over time at a constant frequency and strain amplitude ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). After an induction period, values of η\* increase with time and then plateau ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). As fibers were apparent from the morphological analysis, the initial η\* increase is likely associated with the growth of the fibers, provided sufficient **3** and CB\[8\] are available. After the fibers reach a critical length, η\* plateaus. The final values of *G*′, *G*″ and η\* are stable and match those of samples subjected to an incubation period of ca. 24 h at 20 °C (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The kinetic data corresponding to the initial increase of the viscoelastic moduli was analyzed according to the Avrami theory and a value of the Avrami exponent (*n*) of approximately one was determined ([Figure S27](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07506/suppl_file/ja9b07506_si_001.pdf)).^[@ref15]^ Considering the existence of fibrillar aggregates, such a value for *n* is consistent with a one-dimensional and interfacial-controlled growth process.^[@ref16]^

In summary, we have demonstrated how nanoscale assemblies of different morphologies and macroscopic properties can be prepared in a one-pot fashion from complementary components of subnanometer dimensions. Guest molecules **2** and **3** undergo a stepwise self-assembly process in the presence of CB\[8\], which yields anisotropic crystalline aggregates. Semiflexible polymer chains have been identified as intermediate species in the assembly mechanism. Micron-sized two-dimensional fibers with a thickness of a single CB\[8\] macrocycle (1.8 nm) are produced from 1:1 mixtures of CB\[8\] and **3**, which is unprecedented in the field of CB\[*n*\]-based molecular recognition. The molecular designs of our individual building blocks (pairs of host and guest molecules), encode structural information which translates to significant differences in aggregate morphology. This, in turn, has important implications in the macroscopic properties of the systems as illustrated by the identification of the viscoelastic and lyotropic properties of the fibers ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d and [4](#fig4){ref-type="fig"}).

These unique features, which arise from a combination of tight binding and crystallization-assisted self-assembly, will ensure a variety of applications. For example, supramolecular fibers made from low molecular weight components may become ideal materials as drag reducers or viscosity modifiers in applications where stimuli-responsive degradable systems are preferred over traditional high molecular weight polymers.^[@ref17]^ Additionally, this fundamental study will enable the development of hierarchical crystalline nanostructures and functional 2D systems.
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